Objective: The cellular basis of the cardioprotective effects of estrogen are largely unknown. An inhibitory effect on vascular smooth muscle (VSM) growth has been proposed. We examined the effect of 17b-estradiol (E2) on mechanical strain-induced mitogenesis in human fetal VSM cells. Methods and results: Cells were grown on fibronectin-coated plates with silicone-elastomer bottoms, and 3 exposed to cyclic mechanical strain (60 cycles / min), with and without E2 (1 nmol / l), for 48 h.
Introduction
pig left anterior descending coronary artery segments [7] . In human umbilical vein smooth muscle cells in culture, Estrogen use is associated with a reduced incidence of serum and endothelin-1 induced increases in cell numbers cardiovascular disease in postmenopausal women [1] . With were attenuated 75% by estrogen [8] . The mechanisms the recent identification of an estrogen receptor (ER) in underlying these potentially beneficial anti-proliferative human vascular smooth muscle (VSM) [2] and endothelial effects of estrogen are unclear. Sullivan et al. [9] showed cells [3] , a direct vascular effect of estrogen has been that physiological levels of estrogen significantly supproposed. Estrogen reportedly inhibits restenosis [4] , and pressed the carotid arterial response to injury in ovariecimproves outcomes [5] following balloon angioplasty. In tomized normolipemic female mice. Of interest, Iafrati et an experimental model of balloon injury of the rat carotid al. [10] recently reported that estrogen inhibited this artery, estrogen attenuated myointimal proliferation [6] . vascular injury response even in ER-a knockout (ERKO) 17b-Estradiol (E2) reportedly inhibits thymidine uptake by mice, in which the ER-a gene is disrupted. These mice express ER-b in their vasculature, which likely mediates the anti-proliferative effect of E2 in this model. Both ER-a including the heart and vasculature in humans, and differextracted with 15% trichloroacetic acid at 48C for 30 min. ent and organ-specific roles have been suggested for these
The rubber bottom of the Flex plates containing the TCAtwo receptors [11] . However, evidence for an ER-b-meprecipitable material was removed from the plate and diated effect of E2 in human vascular cells has not been placed directly into a scintillation vial with 10 ml of directly demonstrated.
scintillation solution for counting. Repetitive physical deformation is a feature of the environment of VSM cells in vivo. It has previously been 2.3. Isolation of total RNA and Northern blot shown that cyclic mechanical strain stimulates the proliferation of neonatal rat VSM cells through production and Total cellular RNA was isolated by an RNA STAT-60E autocrine action of platelet derived growth factor (PDGF) reagent (Tel-Test, Friendswood, TX, USA). A 10 mg [12] . Strain also causes a synergistic increase in the amount of the RNA was electrophoresed on 1% agarose response to other mitogens, such as angiotensin II, possibly gels, transferred to nylon membranes (Amersham, Arlingvia synergy between angiotensin II and PDGF [13] . Wilson ton Heights, IL, USA), and hybridized with a cDNA probe 32 et al. have shown that strain increases expression of the for Sp-1 message which was labeled with [a-P] dCTP transcription factor Sp-1, and that GC-rich regions in the (3000 Ci / mmol; Amersham) using the random primer proximal 92 bp of the PDGF-A gene promoter contain method. After washing with SSC 0.1% SDS buffers, mechanical strain-responsive elements that possibly bind membranes were exposed to X-ray films for 12-48 h at Sp-1 [14] . The interaction between sex hormones and 2708C to obtain optimal signals. The membranes were mechanical strain is unclear. Clearly such an interaction is stripped and, for normalization, rehybridized with a relevant to the effect of estrogens on VSM cells in vivo, GAPDH cDNA probe using the same method. The auboth in normal physiology and in states characterized by toradiographic signals were scanned with a PowerLook II acute increases in stretch such as angioplasty [15] Biotechnology, Santa Cruz, CA, USA) for 1 h and the passage 3-7 were grown to confluence in six-well silicone HRP-conjugated secondary antibody (anti-rabbit) for 1 h. elastomer-bottomed culture plates coated with pronectin Filters were then incubated for 1 min with enhanced (Flexcell, McKeesport, PA, USA), growth arrested in chemiluminescence reagents (Amersham) and exposed to serum-free DMEM (without phenol red) for 24 h in the X-ray films for 1-10 min to obtain ideal exposure. Signals presence of E2 (1 nmol / l) or vehicle, and then subjected to of Sp-1 protein were scanned with a PowerLook scanner cyclic mechanical strain (60 cycles / min) using a Flexercel and relative levels of the protein were estimated by Stress Unit (Flexcell). This unit repetitively applies vacdensitometry. uum (|15-20 kPa) to the rubber-bottomed dishes and a computer system controls the frequency and the extent of 2.5. RT-PCR deformation (up to a maximum of 25% to the cells at the periphery of the dishes).
The RT-PCR was performed by using the SuperScript One-Step RT-PCR system (Life Technologies, Rockville, 2.2. Measurement of DNA synthesis MD, USA). A 0.5 mg amount of total RNA was added to the RT-PCR mixture and incubated at 508C for 30 min and for 1 min, and a final incubation at 728C for 5 min in a PCR 9600 thermocycler (Perkin-Elmer, Norwalk, CT, USA). The oligonucleotide primers used for ER-a were 59CGCTGCGTCGCCTCTAACCTC39 and 59GGCTCGG-AGACACGCTGTTG39, which amplify a 430-base pair (bp) fragment from ER-a mRNA, and for ER-b were 59CCTGGGCACCTTTCTCCTTTAGT39 and 59GCAGA-AGTGAGCATCCCTCTTTG39 to amplify a 200-bp fragment from ER-b mRNA. The primers for PDGF A chain were 59ATGGCGTGTTACATTCCTGAAC39 and 59TTC-GTCCTTACAGAACCTTTGC39, which amplify a 427-bp fragment from PDGF A chain mRNA. The primers for actin were obtained from Clontech (South San Francisco, CA, USA). The PCR products along with the 100-bp 
Statistical analysis
All data are presented as mean6S.E.M. All comparisons was significantly reduced by the ER antagonist ICI were made using ANOVA, with posthoc testing by the 182,780 (Fig. 2) , suggesting that estrogen-induced inhibiStudent-Neumann-Keul's test. Differences with P,0.05 tion of DNA synthesis is an ER-mediated process. were considered significant.
Effect of PDGF antibodies on strain-induced human VSM proliferation 3. Results
To determine the contribution of PDGF to strain-in-3.1. Estrogen-induced inhibition of DNA synthesis duced proliferation in human VSM cells, cells were subjected to cyclic mechanical strain in the presence and For assessment of DNA synthesis, experiments were absence of neutralizing antibodies to PDGF-AA and 3 conducted for 48 h, with [ H]-thymidine incorporation PDGF-BB. Antibodies to PDGF-AA and PDGF-BB did during the final 6 h. E2 had no effect on DNA synthesis in not influence DNA synthesis in control cells. However, unstrained cells. Strain induced a 1.7-fold increase in DNA both antibodies significantly attenuated strain-induced prosynthesis, which was significantly attenuated by E2 (1 liferation (61.8% decrease, P,0.05. Fig. 3 ), confirming nmol / l) (30% decrease, P,0.05), but not by the vehicle DMSO (Fig. 1) . The extent of inhibition of DNA synthesis that strain-induced proliferation in these cells is mediated via PDGF production, as shown in previous studies in a neonatal rat cell line [12] .
Effect of E2 on mechanical strain-induced increase in Sp-1
Sp-1 is a transcription factor that binds to the promoter of the PDGF gene. We examined the effect of E2 on expression of Sp-1 in human VSM cells. E2 had no effects on Sp-1 gene expression and protein level in unstrained cells. In cells subjected to cyclic mechanical strain, Sp-1 mRNA increased significantly at 4, 8 and 24 h in response to the strain, and in contrast, in cells grown in the presence of E2 (1 nmol / l), the increase in Sp-1 mRNA was significantly attenuated compared to without E2 (Fig. 4) . Sp-1 protein increased 2.060.3 fold at 24 h and 2.260.5 fold at 48 h after strain, while in cells grown in the presence of estrogen, strain-induced Sp-1 protein increase was prevented (Fig. 5) . The E2 effect on Sp-1 protein was (Fig. 6 ).
scanner, expressed as fold increase over the control value at time 0 (mean6S.E.M. of three similar experiments). *, P,0.05, vs. no E 2
Estrogen receptor subtypes by RT-PCR analysis groups (S).
Both ER-a and ER-b mRNA were detected in these VSM cells by RT-PCR. ER-a expression appeared to be upregulated nearly 2-fold by E2 treatment after 24 h (Fig.   Fig. 4 . Human VSM cells were subjected to strain for 4-24 h in the 
Discussion
The present study shows that physiological concentrations of estrogen inhibit strain-induced proliferation in human VSM cells, in company with down-regulation of the transcription factor Sp-1. These cells express both ER-a and ER-b, and the inhibitory effect of E2 on mechanical strain appears to be mediated via one or both of the estrogen receptors, as incubation with ICI 182,780 attenuates this effect.
Previous studies have shown anti-proliferative effects of estrogen in rabbit [18] , rat [19] , and porcine [20] VSM cells exposed to growth factors. In human umbilical VSM cells, E2 had a biphasic effect on DNA synthesis: low concentrations (0.3 nmol / l) stimulated, and higher con- ous veins from both men and women in response to concentrations of estradiol from 10 nmol / l to 1 mmol / l [23] . The present study extends these observations, pro-7). Relatively high levels of ER-b mRNA were detected in viding evidence for E2-induced inhibition of proliferation the VSM cells (compared to the positive control of in VSM cells subjected to mechanical strain.
Ishikawa cells).
We have confirmed in this study that human VSM cells also synthesize PDGF in response to mechanical strain since antibodies to both PDGF-AA and PDGF-BB sig-3.
PDGF gene expression by RT-PCR
nificantly attenuated the proliferative response to strain. PDGF has previously been implicated in the development Mechanical strain induced an increase in PDGF-A of atherosclerosis as a migratory and mitogenic stimulus to mRNA, detected by RT-PCR analysis. Treatment with E2
VSM cells. By quantitative RT-PCR, cells in atheros-(1 nmol / l) attenuated this strain-induced increase in clerotic lesions have been shown to express mRNA for PDGF-A expression at 8 and 24 h; the effect was more both PDGF A and B chains, and PDGF A appears to be pronounced at 8 h, at which time PDGF-A expression was upregulated during proliferation [24] . Enhanced migratory 35% of that observed in strained cells without E2 (Fig. 8) .
activity has been shown in VSM cells with high expression However, E2 did not affect PDGF-A chain expression in of both PDGF-A and PDGF-B, with significant correlaunstrained cells, or PDGF-B chain expression in either tions between PDGF mRNA levels and the degree of unstrained or strained cells (data not shown).
directional changes of VSM cells during migration, examined in vitro [25] . Of interest, in addition to cyclic mechanical strain [12] , shear stress has also been shown to promote release of PDGF from VSM cells in culture [26] , suggesting that its production can be regulated by various forms of mechanical stimuli. Estrogens reportedly have anti-atherosclerotic effects [27] , and attenuate myointimal proliferation in an animal model of balloon injury [6] , and have been shown to modulate expression of both PDGF ligand and receptor proteins in reproductive tissues, where PDGF is a possible mediator of estrogen-induced cell proliferation, migration and differentiation [28] . A regulatory effect of estrogens on PDGF synthesized locally in the vascular wall might contribute to its anti-proliferative gene promoter [30, 31] . Sp-1 binds to consensus elements 
